In this paper, we propose a heuristic multicast routing algorithm, which minimizes the cost while satisfying both the wavelength required and hop length selection. The algorithm consists of two subproblems: the wavelength assignment & the routing path selection. For solving the wavelength assignment subproblem, an auxiliary graph is created where by the nodes and the links in the original network are transformed to the edges and the vertices, respectively, and the same availability wavelength of each edge is taken into a multicast group. Furthermore, for solving the routing path selection subproblem, the shortest-path routing strategy is adopted to choose transmission path between two multicast groups. Simulation results show that our algorithm performs much better than previously proposed algorithms with increasing call-connection probability by 28% and reducing the blocking probability by 52%.
Introduction
A WDM network consists of switches connected by fiber optical links. The switch is responsible for receiving optical signals at input links and forwarding them to output links. If optical signals from two inputs are forwarded to the same output using the same wavelength, it will cause a wavelength collision. We resolve the collision by using a wavelength converter that converts one optical signal into a different available wavelength. Although the benefit of using wavelength conversion obviously reduces blocking probability, wavelength conversion has device costs and switching costs associated with it. In WDM multicast networks, optical switches need to have the light splitting capability in order to multicast data in optical network. The optical switch splits an optical signal from the incoming link on a particular wavelength to multiple outgoing links on the same wavelength. Therefore, data transmission between two nodes can be realized through an all-optical route that traverses a series of links each using an available wavelength. The optical communication path between a pair of a source and a destination is called a lightpath, as shown in Fig. 1 . Without wavelength conversion capability, a lightpath must use the same wavelength on all the links to through which it traverses. We applied the concept of semi-lightpath to optimize lightpath routing in WDM networks with wavelength converters at some of the network nodes. The semi- lightpath was introduced in Chlamtac's paper [1] , that is, a transmission path obtained by establishing and chaining together several lightpaths. Suppose to establish a connection between source node A and destination node D, we can not use wavelength λ 1 because λ 1 is not free on the B-C path. Therefore a lightpath connection between A-B-C-D will be blocked. However, we use the semi-lightpath to approach from A to B on λ 1 , then convert the wavelength to λ 2 at node C, and continue to convert the wavelength to λ 1 to D as shown in Fig. 2 . In lightpath-routing optical networks, the routing problem consists of two components. The one is to determine a path and the other is to assign a wavelength to the select path. To find a wavelength assignment scheme, the set of wavelengths could be searched in a random order or an adaptive order. Most of the routing algorithms for multicast networks proposed in the literature use some of the techniques just described. In [2] , a random routing algorithm with random wavelength search is proposed. Based on fixed routing, Ganz [3] provides a path selection technology. With the alternate routing algorithm, a set of alternate routes is considered for availability sequentially in a fixed order by [4] . In optical networks, the most efficient routing wavelength assignment algorithm for virtual wavelength path routed networks has been proposed [5] , [6] . Optical switches with light splitting capability or wavelength conversion are usually more expensive to build than those without. We adopt a new approach which utilizes the shortest-path routing strategy to choose transmission path between two multicast groups toward solving the optimal multicast routing WDM networks with light splitting and wavelength conversion capabilities in semi-lightpath to reduce optical switches. Our algorithm optimizes the WDM multicast routing path and minimizes the cost of switches. Simulation is described and performance results present much better than previously proposed algorithms with callconnection probability.
Background
Many multicast tree formation algorithms, which construct a source-based tree given the full knowledge of network topology and multicast group membership, have been proposed [7] - [10] . These algorithms can roughly be classified into two categories. The first algorithm is the shortest-path algorithm, which minimizes the cost of the path from a multicast source to each of the destinations. The second algorithm bases on the minimum Steiner tree, which minimizes the total cost of a multicast tree. Although a minimum Steiner tree is more desirable, finding one for a multicast session whose numbers are only a subset of the nodes in a network with an arbitrary topology is a NP-complete problem. Normally, the heuristic is often used to obtain a minimum cost multicast tree. There are several protocol schemes for multicasting over WDM networks and are classified into three categories. First, IP layer multicast, as well as each IP router on a multicast tree constructed by the IP layer, can make copies of a data packet and transmit a copy to each of its downstream routers. However, it requires wavelength conversions of every data packet at every router on the multicast tree, which may be inefficient and undesirable as shown in Fig. 3 . Second, IP multicast layer using WDM unicast, can be avoided by constructing a virtual topology consisting of a set of lightpaths from the multicast source to each destination. However, it is equivalent to having multiple unicasts in a WDM network, the network bandwidth will be consumed by a large multicast session and the cost will obviously be increased as shown in Fig. 4 . Third, a WDM multicast layer with light splitting, is supported at the WDM layer by letting WDM switches make copies of data packets in the optical domain via light splitting, as shown in Fig. 5 . A multicast tree formed by the layer is more desirable since transmission to different destinations can share bandwidth on common links, while multicasting data all-optically.
Supporting multicast at WDM layer has several potential advantages. First, the optical layer may not be the same as that seen at the IP layer, so more efficient multicast routing is possible. Second, some optical switches are inherently capable of light splitting, which is more efficient than copying packets in electronics. Third, optical converters are capable of wavelength conversion, which is more efficient at bandwidth utilization in the network. By using these techniques, the multicast layer with light splitting and wavelength conversion can support WDM switches to make copies of data packets in the optical domain via light splitting and wavelength conversion as shown in Fig. 6 . This function is most powerful since transmission to different wavelength destinations can share bandwidth and reduce transmission distance on common links. We develop the algorithm that is based on the model of protocol for lightpath routing in WDM multicast networks to optimize the WDM multicast routing path and minimize the cost of switches.
Heuristic Algorithm

Routing Problem Definition
Definition 1. A WDM network by a directed graph G = (V, E, Λ), where V is the set of nodes in the network (vertices in the graph); E is the set of links in the network (edges of graph); and Λ is the set of transmission wavelengths (links on graph). The adjacency list representation of a graph stands for the graph G = (V, E, Λ) consists of |V| lists, one for each vertex in V. 
Definition 2. Let
s ∈ V be source node of multicast and d ⊆ V − s be a set of destination nodes of multicast. Definition 3. For each link edge e and wavelength λ i , a weight w(e, λ i ) is given, representing the cost of using wavelength λ i on the link edge e. If λ i is not available on the link then the weight is infinite.
Algorithm Operation
Our algorithm consists of two separate but integrate parts: wavelength assignment & routing path selection. The overall approach flowchart is shown in Fig. 7 . In multicast routing network to the overall wavelength assignment includes the following three steps:
Step 1 Graph transformation. From the nodes and the links of original network, build an auxiliary graph by the following rules:
• The edge of direct graph (A → B) represents a vertex A links a vertex B with different wavelengths, so that the wavelength conversion is needed from λ x converting to λ y on vertex B.
• The edge of direct graph (A ↔ B) represents a vertex A links a vertex B with same wavelength, that is λ x = λ y , the wavelength conversion is not performed.
Step 2 Construct source-based multicast trees. From the transformation graph of the network, use the Depth-first search algorithm [11] to construct source-based multicast trees. The progresses construct the multicast trees.
Step 3 Search multicast groups. Consider a classic application, that is, decompose a direct graph into its multicast group. A multicast group of a graph G = (V, E, Λ) is a maximal set of nodes U ⊆ V such that for every pair of edges x and y in U. We have both x → y and y → x, and node x and node y are reachable from each other. Our algorithm for finding multicast group of a graph G = (V, E, Λ) uses the transpose of G. The transpose of progresses is shown in Fig. 8 .
, where E T = {(x, y) : (y, x) ∈ E} E T consists of the edges of G with their direction reversed. The multicast groups are shown in Fig. 9 .
To overall the wavelength assignment in a multicast routing network includes the following two steps:
Step 1 Rebuild multicast trees. From the transformation graph of network, cycle multicast groups of the same wavelength of graph and rebuild the multicast trees.
Step 2 Determinate the multicasting path. From the output vertices of multicast trees as multicast groups, find a shortest path between source and destinations using the Disjkstra's single-source algorithm [11] . 
Performance Results
Network Model
To investigate the effectiveness of the proposed multicast routing algorithm, we implement the NSFNET network with 16 nodes and 20 bidirectional links as shown in Fig. 10 and simulate the following four different wavelength allocation schemes:
1. Random Wavelength Assignment (RWA): In each source-destination pair, select a wavelength randomly among currently available ones [2] . 2. Fixed Wavelength Assignment (FWA): It is a widely used static routing technique in which every sourcedestination pair is assigned a single path [12] . A call is blocked if its associated path is not available. 3. Alternate Wavelength Assignment (AWA): Each sourcedestination pair is assigned a set of paths. This set path may be searched in a fixed or adaptive order to find an available path [13] . 4. Optimal Wavelength Assignment (OWA): Our iterative algorithm analyzes the original network by decomposing it into multicast groups. Shortest paths from individual multicast groups are combined to obtain a best solution for the multicast network. Table 1 is applied in four different wavelength allocation schemes to analyze the call-connection probability for the NSFNET network. The links in this network have the same offered traffic; hence, link blocking probabilities are identical for all wavelengths. Each link has a single fiber with 5 wavelengths. In the three previous wavelength allocation schemes, we obtain the results from the simulation. In the fourth scheme, our strategy is to optimize the NSFNET network. Figure 11 shows the process of auxiliary graph. From the optimal routing path, we obtain the minimum multicast routing path nodes and wavelength conversion assignment. Finally, we use our algorithm to determinate the shortest-path multicast network.
Simulation Results
Our simulations based on the assumption that wavelengths on different links are used independently. The callconnection probability in an all-optical WDM network depends on the number of WDM wavelengths and on the network capability for wavelength conversion at network nodes. Without wavelength conversion, a call cannot be connected unless there is at least one wavelength available in common on each link of the call route. With wavelength converters at each network node, a call can go through as long as any wavelength is free on each link of the route. Applying Frey's idea [14] , we have considered the number of wavelength changes which is permitted over a multicast route that is restricted to calculate the call-connection probability in the WDM network. Figure 12 shows the call-connection probability versus the number of wavelengths per link in the NSFNET network. The lowest curve is the random wavelength assignment. The uppermost is optimal wavelength assignment in which a circuit can reduce its wavelengths. The middle curves are the fixed wavelength assignment and the alternate wavelength assignment. The middle curves show that the more available wavelengths have smaller blocking probability than fixed wavelength scheme. Obviously on the average, our optimal algorithm increases the call-connection probability by 28% than the random wavelength assignment. Figure 13 shows the blocking probability versus the varying number multicast nodes for the 16-node NSFNET network. The simulation results reach good achievement that our optimal algorithm reduces the blocking probability by 52%, comparing with the random algorithm. The curves also show that the number of multicast nodes increases as the blocking probabilities increase. The random wavelength assignment is fewer available than our optimal algorithm because we use our heuristic algorithm to minimize the number of wavelength converters. This actually implies that optimal wavelength assignment can effectively accommodate routing in WDM multicast networks.
Complexity Analysis
An important issue in selecting wavelength allocation schemes for implementation is the time complexity. In random wavelength allocation scheme, the algorithm will search wavelength randomly; therefore, it has the worst-case complexity O(N 3 W + N 2 W 2 ) [2] . The use of alternate wavelength allocation scheme yields significant improvements in the performance O(N 2 W) [12] over the fixed wavelength allocation scheme O(N 2 W 2 ) [13] . During our optimal wavelength allocation scheme, the running time of searching multicast group is O(V + E) and since the degree of each node is upper bounded by some constant O(|E|) = O(|V|). In multicast path selection, Disjkstra's algorithm is chosen to find the shortest-path on each subgraph with a total number of N vertices requires O(N 2 ). Therefore, finding the shortest path needs complexity time O(N 2 ), and selection of the minimum route need complexity time O(W). However, the complexity of our algorithm is only O(N 2 ). Therefore, our algorithm is faster than the previous one by a factor of N.
Conclusions
A novel algorithm is presented to optimally solve the problem for finding a semi-lightpath in WDM multicast network. The developed semi-lightpath minimizes an overall cost function that accounts both for using the wavelengths on the links and doing wavelength conversion at nodes when necessary. The simulation results show that our propose algorithm can significantly improve the performance of WDM multicast network. Our algorithm performs much better than previously proposed algorithms with increasing the call-connection probability and reducing the blocking probability. Therefore the function simplicity, time efficiency, and cost reduction make it a good candidate for efficient practical implementation.
